The objective of the EXPERT re-entry flight project is to obtain data on critical aerothermodynamic phenomena by means of dedicated payloads integrated onto its thermal protection system. These data will be used to validate the tools for Aerodynamic data basing and Aerothermodynamic design of thermal protection systems of hypersonic cruise and reentry spacecrafts. Validation of design tools really means understanding of the uncertainties associated with the use of ground based hypersonic facilities, with the level of validation of the physical models embedded into the numerical codes employed for the numerical reconstruction of these windtunnel experiments , its flight extrapolation as well as with the qualification of the sensors integrated into the thermal protection system . Within this paper, the objectives of the different measurement assemblies and their designs are reviewed. The theoretical tools and experimental facilities related to the flight experiments are presented.
I. Introduction
ATMOSPHERIC re-entry is a particular challenging process of a space flight mission. This is due to high kinetic energy involved, which is converted into heat and chemically stored energy during the passage of a space craft through the atmosphere. Besides experimental extraterrestrial sample transport, its main objective is the return of humans to Earth. Only a limited number of re-entry missions have been performed to date. Among the successful vehicles are the American craft Apollo and Shuttle, the Russian craft Vostok and Soyuz and the recent Chinese craft Shenzou. The only European re-entry project was the ARD : the Atmospheric Re-entry Demonstrator [1] . The limited number of re-entry programs is due to the fact that hypersonic flight is still very risky, expensive and associated with large uncertainties requiring large margin for a robust design; not always affordable due to space vehicle mass constraints . They have in common that they are subject to aerothermodynamic phenomena that critically impact their design. Those are often poorly understood and therefore the use of predictive tools lacks reliability and leads often to overconservative designs. The flight trajectory will be reconstructed using the on board inertial measurement unit allowing rebuilding of position, angular momentum, speed and acceleration of the space craft, comparison with the predicted flight data used in combination with the six degree of freedom trajectory computations. The trajectory computational tool is embedded in a Monte-Carlo-Procedure that determines the uncertainty of the predictions.
II. Aerothermodynamic Phenomena Investigation
A. Design Tool Use Critical phenomena such as boundary layer transition, skin friction, flap efficiency or stagnation point heating need to be predicted obviously before the flight using an appropriate theory and investigations in experimental facility that duplicate the relevant environment. The means of the approaches will be called within this elaboration a Tool. These Tools have in common that certain input x i is necessary for their application and computation of the output y and the output has a certain sensitivity to the input parameter ∂y/∂x. Most importantly the input parameter x i has an uncertainty also called variance δx of which three kinds exist according to Wright et al. [10] . Those are: a) Parametric uncertainty b) Stochastic variability c) Structural uncertainty The first one stems from the fact that certain input has to be approximated for instance by an imperfect interpolation. The stochastic variability comprises effects that are due to unpredictable natural fluctuation of a physical quantity. The structural uncertainty encompasses uncertainty effects of qualitatively insufficient models. Obviously the quantification of this last kind of uncertainty is a particularly challenging.
The uncertainty/variance in the output caused by one source of uncertainty is computed as product of sensitivity and variance.
The use of design Tools is exemplified in Figure 4 for a heat flux predicting formula of the Fay Riddell type [11] that has been chosen as the reference within the EXPERT project.
It is not considered to be accurate but gives insight into physics of hypersonic stagnation point heat transfer. That is that the heating rate depends on the nose radius, the free stream density and the flight velocity and on empirical constants whereas the wall temperature, the free stream temperature and atmospheric pressure for instance have a negligible effect. The radius of the nose and the flight velocity are affected by a parametric uncertainty whereas the density is subject to a stochastic variability due to fluctuations of the atmospheric density with climate, weather, season and daytime. The empirical constants are affected by the structural uncertainty. It assumed here that the impact of the uncertainty of the nose radius is negligible due to high achievable manufacturing accuracy and appreciable uncertainty is only due to the re-entry speed and atmospheric density. The empirical formula Eq. (1) is supplemented with suitable values for the constants A, B, C, D. Detra, Kemp and Riddell [12] propose the following values: The sensitivity to the input parameters can easily be derived from such an analytical formula and is shown in the Figure 4 . The next step is to estimate the uncertainty in the input parameters. The speed for instance during a ballistic re-entry flight is usually well known and limited by the parametric uncertainty of the aerodynamic coefficients. Those lead to a parametric uncertainty in the speed through the trajectory Monte-Carlo-Analysis. The uncertainty in the free stream density is in contrast governed by the stochastic variability of the atmosphere, which can be up to 20% of the total value [13] . Thus the uncertainty of the stagnation point heating is impacted mainly by the uncertain modeling of the atmosphere.
Therefore the Tool DKR formula predicts a maximum heating of 1.8MW/m 2 at the stagnation point during the EXPERT descent with an uncertainty of 10% of the total value. During post flight this approximation and uncertainty analysis will be addressed.
The design of a hypersonic craft requires accurate knowledge not only about the stagnation point heat flux but also further aspects. It relies for instance on the thermo chemistry effects that take place in the shock layer as well as in the boundary layer on the TPS surface. A selected number of phenomena is investigated on-board the EXPERT vehicle as well the performance of heat shield technologies. Those on-board experiments are presented in the following.
B. Thermo Chemical effects
Due to the high velocity at which EXPERT reenters , a bow shock is formed in-front of its blunt nose resulting in high pressures and temperatures in the shock layer causing the flow to become chemically reacting. The air molecules dissociate in the shock layer , effectivally changing specific heat ratio and recombine in down stream expanding regions or when coliding with the wall in the boundary layer of the vehicle. In total three measurement assemblies investigate thermo chemistry effects. 
Shock Layer
The emission spectra from reacting species in the shock layer will be investigated using two spectrometers [14] . As shown in Figure 5 , one will measure emission close to the stagnation region and another one will detect emission in the downstream expansion region. The measured data will be compared to predicted emission obtained from CFD [15] .
2. Boundary Layer The gas phase chemical composition of the flow close to the vehicle surface is investigated using catalytic probes inserted at two patches as shown in Figure 5 . Temperature measurements using miniaturized pyrometers will monitor the heat flux of four catalytic sample covered with a coating of known catalycity. This will allow a quantification of dissociation degree of flow in proximity of the sensors. The data will be compared to CFD predicted gas phase composition.
Catalysis, Emissivity and Oxidation
Two measurement assemblies will monitor the temperature evolution of the thermal protection material. Payload 02 uses six pyrometers pointed at the inner side of the ceramic nose shell at different distances from the stagnation point in order to validate the thermo-mechanical temperature predictions. The use of pyrometers ensures that very high temperatures can be measured non-intrusively. A further assembly named Payload 11 uses in total seven thermocouples in order to measure the temperature evolution close to the junction on the ceramic and also on the metallic side. In the proximity of the junction lower temperatures are expected and therefore thermocouples are an appropriate means for the measurement. The pre-flight predictions of the measurement output of both payloads depends heavily on the catalytic activity of the material that can have a major contribution to the total heat flux and therefore the payloads will be used to determine the catalycity that is experienced during the flight. Generally speaking, the C/SiC is expected to have a relatively low and the PM1000 a relative high catalytic activity. This leads to a so called catalytic heat flux jump at the TPS junction. This heat flux jump has been identified as the design spectrometers Pyrometers(6x)
Catalysis sensors
Catalysis based sensors(2x) driver of the TPS. Payload 11 will therefore monitor the TPS junction performance and validate the design assumptions.
The scientific activity also encompasses material characterization including emissivity and oxidation in plasmatron windtunnel as well as in flight conditions .
C. Transition and Turbulence
Transitional and turbulent flow have a particular importance to hypersonic flow. Not only does turbulent flow increase the friction drag but in particular it increases the amount of heat transferred to the surface by a factor up to three. In the following two Payloads will be presented that investigate the phenomena with different perspectives. 
Distributed Roughness and Natural Triggered Transition
During the descent of the EXPERT re-entry vehicle the Reynolds number increases as shown in Figure 2 , which is mainly due to the increasing density experienced at the lower altitude. Only after approximately Ma=6 the Reynolds number is decreasing because the decreasing velocity outperforms the density increase. It is to be expected that during the increasing phase of the Reynolds number the flow turns from laminar to turbulent. Within EXPERT a detailed analysis has been performed and the Reshotko-Tumin Criterion [16] has been identified as the most suitable correlation. By the use of CFD and the application of the criterion, it has been predicted that natural boundary layer transition takes place at approximately Ma=10 during the descent. Nevertheless it has also been revealed that an appreciable uncertainty in the applicability of correlation formulas and in the numerical output of those exist. The Payload 04 investigates this phenomenon employing ten thermocouple temperature measurements placed along a line at one of axi-symmetric panels and two so called RAFLEX sensors combining caloric heat flux measurements and pressure measurements as shown in Figure 6 . It is expected that during the descent a turbulence increased heating is detected starting from the back of the vehicle and then moving forward. The obtained data will help to validate the usefulness of the used criterion.
Isolated Roughness Triggered Transition
Besides natural turbulence occurring at smooth surfaces, certain features can locally induce the triggering of turbulent flow. Such features may be TPS tile gap fillers, local damages or cavities present in TPS due to necessity of capsule attachment bolts [17] . Such effects are investigated by the EXPERT Payload 05. A roughness insert is introduced into the TPS. After a trade-off study a ramp like one millimeter roughness has been chosen. It avoids roughness induced transition instrumentation Naturally induced transition instrumentation local overheating due to the non existence of a stagnation point and has proven to trigger transition efficiently. The height has been chosen according to the Potter & Whitfield criterion [18] . It is expected that the wake behind the roughness insert becomes turbulent at Ma=10. This will be detected by in total 20 thermocouples placed in two rows in the expected wake location. Consequently, the aim of the Payload is to validate this criterion.
D. Flow Properties
A third category of investigation concerns classical flow properties like surface pressure, skin friction and heating at different locations of the vehicle. In total four measurement assemblies are foreseen and are described in the following. 
Stagnation Flow
The stagnation flow is investigated by the Payload 01 "Flush Air Data System". Its objective is to infer free stream data in particular the angle of attack and the free stream density from pressure and heat flux measurements. Such a measurement system is inherited from aircraft air data systems and takes into account the particularities of hypersonic flight. This requires the data system to be flush as intrusive pitot probes used on planes are prohibitive. The hypersonic air data system also measures the heat flux during the flight using calorimeters. Air data systems have been installed on many previous hypersonic vehicles such as the U.S. Shuttle [19] , EXPRESS and MIRKA [20] . The EXPERT Flush Air Data System is of particular importance for the EXPERT project due to the fact that many of the predictive tools used for the further experiments rely on the accurate knowledge of the free stream data and in particular of the free stream density as laid out in section II.A.
The objectives of the PL01 are thus: The FADS consists of 5 RAFLEX probes that measure the absolute surface pressure and the heat flux in the stagnation point and the 4 locations further downstream at the nose. The location of the downstream probes has been chosen to have a surface inclination of 45°, which ensure maximum sensitivity of the sensors according to Newton's theory [20] . A calibration function that takes into account vehicle geometrical and real gas effect has been derived based on CFD and is given in Ref. [21] . The location and the design of the sensor are shown in Figure 7 . A cross correlation benefit is expected if the data is related to the pressure measurement data on the flaps. The FADS system employed on the EXPRESS capsule relied on a sensor layout consisting of a stagnation point probe and pressure measurements at the flare of the vehicle.
2. Boundary Layer Flow One aspect of the boundary layer flow is investigated using two skin friction sensors which are part of the Payload 13 and are placed on the curved panels of the metallic TPS as shown in Figure 8 . They consist of two absolute pressure taps per sensor, one perpendicular and one inclined to the surface. This design is the hypersonic equivalent to a Preston tube type skin friction sensor used in conditions where less severe heat fluxes are expected and flow intrusive measurement are permissible. The pressure taps are embedded into copper calorimeter that measure the heat flux at the identical location and therefore allows the investigation of the Reynolds Analogy during hypersonic flight. Furthermore, due to the use of absolute pressure sensors the measurement can be related to the static pressure at the location of sensor.
Base and Cavity Flow
A further flow related problem is investigated with the Payload 12 that employs a total number of six pressure and four heat flux measurements at the base of the vehicle. The wake flow of hypersonic vehicles is known to have an important impact on the vehicle aerodynamics. It features highly rarified flow conditions. The heat flux in the base region of hypersonic vehicles is known to be low but the uncertainty is appreciable. TPS conservatism is particularly undesirable at the base as it unfavorably affects the position of the center of gravity of the vehicle and thus the stability of the vehicle additionally. The layout of the measurement assembly is depicted in Figure 7 and Figure 8 . Four calorimeters are positioned at perimeter of the base plate of the vehicle equipped with high pressure sensors that will measure the unsteady pressure evolution from 40km altitude downwards. Two of the calorimeters are additionally equipped with high altitude low pressure sensors for the investigation of the wake flow above 40km. The obtained data will help to validate CFD and DSMC methods and experiments. Though, despite the importance of the wake flow, little research has been performed in the past [22] . The data obtained will also be helpfull to characterize the flow environment that the intermetallic material sample attached to the base experiences. The experiment is described in chapter III.4
Figure 8: Flow related instrumentation (part 2).
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Flap and Cavity Instrumentation Skin Friction Measurement
The wake flow is not only investigated at the base but also in the region below the flap called here the cavity. To this end a pressure sensor, four heat flux sensors and a number of thermocouples are installed below the Z-flap. Those sensors are part of the Payload 6 whose primary objective is to investigate the flap flow and heating as described in the next chapter.
Flap Flow and Heating
Of very high importance for the guidance of lifting hypersonic vehicles is the accurate prediction of the efficiency and the thermo-structural behavior of aerodynamic control surfaces. In general viscous interaction lowers flap efficiency and real gas effects delay separation and therefore increases flap efficiency. Therefore two of the four EXPERT flaps have been heavily instrumented. with which a number of phenomena impacting the performance of the flaps shall be monitored. Among them are:
• Flow separation and recirculation • Separation shock • Reattachement shock and shock wave boundary layer interaction • Turbulent reattachment • Three dimensional flap flow features In total three experiments investigate those phenomena. PL07 monitors the flow ahead of the two instrumented flap employing in total 13 pressure measurements, three caloric heat flux measurements and 15 thermocouple temperature measurements. Those are partially shown in Figure 7 and Figure 8 .
Payload 06 focuses more on the flow characteristics onto the flaps. It employs in total ten pressure measurements, 25 thermocouple temperature measurements and one pyrometric temperature measurement distributed over the two flaps. Those are also shown in Figure 7 and Figure 8 .
A further measurement that concerns the flap heat is PL08 that measures the flap back surface temperature using an infrared camera operating in the near infrared electromagnetic range [9] . It views at one half of the so called Z+ flap. To this end one flap stiffening rib has been removed at the expense of an increased flap thickness in order to maintain the structural strength. The flap heating will be predicted by CFD and front and back surface temperatures will be computed using thermo-structural models. An inverse method will be used to reconstruct the front surface heating. .
III. Technology Development -Materials
Besides aerothermodynamic phenomena also the use of advanced material is investigated. Those are equipped with temperature sensors in order validate the thermal design predictions. 
Silicon Carbide
The stagnation point region of the EXPERT vehicle is protected against the thermo-mechanical loads by a C/SiC ceramic nose [23] , [24] . It is depicted in Figure 9 . Its manufacturing involves the forming of the desired shape by carbon fibre layers, thermal treatment and the infiltration of the matrix with liquid silicon. The surface properties are further improved through the application of a Chemical Vapor Deposition(CVD) SiC layer, which improves smoothness and the emissivity. The design of the nose thermal protection system is based on heat flux prediction obtained from CFD analysis employing several physical models and on thermo-structural analysis taking into account the anisotropy of the material. The objective of this Payload called NAP that constitutes an integral part of the vehicle is therefore to validate the design procedures and to demonstrate the maturity of the technology. The means of the validation are the temperature sensors, of which layout is described in chapter II.B.3 and the post flight inspection.
Metals
The aft body of the EXPERT vehicle is protected by a metallic TPS employing a nickel chromium oxidedispersed superalloy PM1000 [25] as shown in Figure 9 . The use of metallic TPS promises to lower significantly production cost of heat shield due to manufacturing processes of relative simplicity compared to ceramic TPS. The adequate use of this .thermal protection system is verified analytical by CFD [26] computations and thermostructural [27] .
UHTC
A further advanced material related Payload aims at demonstrating the use of so called Ultra High temperature Ceramics(UHTC). It is called PL15 and employs two winglets of Zirconiumdiboride with a small amount of SiC. They are attached to the curved panel at the rear of the vehicle as depicted in Figure 9 . Those materials have the potential to be used as aerodynamic control surfaces during hypersonic flight or as protective material in regions of heat shields where the use of conventional material is prohibited due to the high heat fluxes respectively temperatures expected. Thus, maturing the UHTC technology is enabling for the design of aerodynamic efficient pointed hypersonic craft [28] . The aerodynamic shape of the EXPERT winglets and the verification of the design is based on CFD and thermo-structural analysis [29] . The verification of the design methodology is performed using immersed high temperature thermocouple sensors and the local flow conditions monitored with four pressure sensors at the leading edge of the winglet at Y-/Z+ curved panel of the TPS.
UHTC(2x)
Nose Ceramics Intermetallic Tile
Metallic TPS
Intermetallics
The use of an intermetallic titanium aluminide will be demonstrated by the exposure of a material sample to the plasma flow in the framework of PL18. A tile is placed at the base of the EXPERT vehicle as shown in Figure 9 , where the heating environmental conditions sufficiently low for this kind of material. Intermetallics are attractive candidates for the replacement of oxide dispersed alloys(ODS) like PM1000 in moderate environments because they offer excellent high temperature mechanical properties at a low specific mass of 4g/cm 3 . compared to the typical density of ODS of approximately 7.5g/cm 3 . The local heating environment is monitored by in total three thermocouples attached to the tile and its support. The overall flow characteristic is monitored by Payload 12 described in II.D.3.
IV. Post processing Strategy
The improvement of the predictive or ground facility Tools will be the focus of the post flight analysis of the obtained flight data. This comprises as a first step the identification of the input parameter, the determination of the sensitivities and thus the uncertainty in the output quantity and the prediction of the nominal output for the flight case. The second step consists in a comparison of the prediction and the flight data taking into the uncertainty of the prediction and the assessment of validity of the prediction. This strategy is illustrated in Figure 10 Figure 10: Post Flight Analysis Strategy Within the post flight analysis the uncertainty of some input parameters may change their nature with respect to the design application mentioned chapter II.A. For instance the free stream density experienced during the flight has to be assumed in the design process due to the fact that the actual density experienced changes with season daytime etc, which is not known a priori but can be measured at the time or during the flight using balloons, ground based UV laser techniques [30] or a stagnation point pressure measurement in conjunction with an inertial measurement unit [31] . This leads to significantly more accurate post flight computation of the measurement output.
The values of the prediction and the actual measurement can be compared respecting their uncertainties and the Tool can in the case of a coincidence be considered validated for this application. If the general features do agree but the values diverge then the Tool may be updated. In the case of the Detra, Kemp & Riddell formula (1) for instance, the empirical constants (Table 1 ) may be fine tuned. If neither the obtained values do neither quantitatively nor qualitatively agree then the dependence of the desired quantity on the basic physics must be investigated.
V. Summary and Discussion
A selection of critical aerothermodynamic phenomena and technologies that will be investigated in a re-entry flight campaign has been presented and their main design characteristics of the sensors and their layout on board of the EXPERT capsule have been shown. Those investigations together with ground experiments and theoretical and computational considerations intend to improve the understanding of those phenomena and to identify, quantify and potentially reduce uncertainty in the prediction of critical TPS design assumptions. To this end a strategy has been laid out.
The sensors have been developed and qualified in the last years by the Principle Investigators. The flight hardware has been manufactured and accepted in 2009. The flight of the EXPERT vehicle will take place nominally in autumn 2010 after which a dedicated post-flight analysis will be carried out.
